Abstract -Modern electric locomotives have to transfer high tractive effort between wheels and rails. Therefore, they have to be equipped with slip controllers that enable to achieve required force and keep wheelsets velocity in the acceptable value. The slip controller is a part of the locomotive control algorithm that runs on an axle computer that is typically a digital signal processor with limited computational power. The modern slip controller requires determining an actual value of adhesion that cannot be directly measured during the train runs. Therefore, the adhesion estimation is necessary. Extended Kalman filter or unscented Kalman filter can be used with an advantage because they can cope with some drawbacks of conventional methods. However, they are not typically used because of their high computational requirements. Therefore, the extended Kalman filter and unscented Kalman filter are implemented into a digital signal processor that is typically used in the locomotives as an axle computer to verify the possibility of used slip control methods based on the mentioned estimators in the paper. The verification is made on measured data.
INTRODUCTION
Modern electric locomotives are complex mechanical and electrical system, and for their control, significant computing power is required. The required computing power provides a locomotive computer that is designed as a distributed computer [1] , [2] . The computer consists of a master computer and computers for electric drives and auxiliary devices. The computers for electric drives are typically digital signal processors (DSP), and every electric drive is controlled by its DSP. If more motors are connected to one inverter, the DSP control the group. However, this configuration is not typical in modern locomotives [3] , but it is possible in electric multiple units [4] or older locomotives [5] . The computer connected with the wheelset has to provide control of the electric drive. The computer also calculates a slip controller that is an integral part of the electric drive control for railway vehicles. The computer also provides measurement and communication with the master computer.
The slip controller is the essential part of the electric drive control because it limits the wheel slip velocity to acceptable value if the high tractive force is required. The slip velocity is needed for a force transfer between wheels and rails. Value of the maximum transferable force and slip velocity mainly depends on the conditions of a rail surface that change during the train runs. The dependence of the actual adhesion on the slip is described by a nonlinear characteristic. The slip is a ratio of the slip velocity and train longitudinal velocity. The slip velocity starts to increase when the applied force to the wheels is higher than the maximum force that can be transferred between wheels and rails. In this case, the tractive force has to be decreased. The high slip velocity value is undesirable because increases wear of wheels and rails [6] and can damage some locomotive components. The modern slip controllers try to prevent the high slip velocity creation. The slip controllers can be sorted into controllers that try to find the maximum value of the current characteristic [7] or methods that try to determine the slope of the characteristic. The slope is typically calculated by using a disturbance observer [8] . However, Kalman filter, extended Kalman filter (EKF) or unscented Kalman filter (UKF) can also be used [9] , [10] .
The estimators can be divided into early estimators, modern estimators and disturbance observers [11] . The typical member of the early estimator is a Luenberger observer. The typical member of the modern observes the Kalman filter, EKF or UKF. All of the estimators can be used for the slip controller purpose, and there were efforts of implementation of all estimators. The most used types of the estimators are disturbance observers. However, the method based on the EKF or UKF provides accurate results but their design complexity is high [11] , and their computational complexity is also high especially the UKF. On the other hand, the increasing computational power of modern microcontrollers allows implementing the EKF or UKF into a control algorithm.
The rest of the paper is organized as follows. Firstly, an appropriate model of a locomotive axle that is used by the estimator is described. Next, the algorithm of the EKF and UKF are presented. Then, the implementation of the slip controller implementation into the control algorithm and the estimator implementation into the slip controller is presented. Finally, the implantation performance into a DSP and simulation results are presented on measured data.
II. ESTIMATORS IMPLEMENTATION

A. Mathematical Model
The mathematical model is the essential part of the estimator. The disturbance observers very often use a simple model that is based on the equation of motion. This model is used because of its low computational power requirements. However, the model cannot provide such accurate results as more complex models. Therefore, a two-mass model is used for the estimator. The two-mass model can provide more precise results and enables to preserve one of the eigenfrequencies that occur in the axle. The first eigenfrequency is the frequency between an electric motor and the wheelset and the second is between wheels on the wheelset. The values of the frequencies depend on the mechanical components parameters. However, its computational requirements are too high. The general schema of a simple one locomotive axle is depicted in Fig. 1 , and the schema for the two-mass model is depicted in Fig. 2 . The locomotive axle model consists of an electric motor, gearbox, directly driven wheel and indirectly driven wheel. Every mass is represented by its moment of inertia, and the shafts are represented by its stiffness and damping. The two-mass model consists of the electric motor and the wheel mass with the gearbox mass.
The two-mass model state equations are:
Where B is an input matrix, C is an output matrix, u is an input vector, y is an output vector, w and v are random noises. The state vector x and state matrix A are defined as follows.
Where φD-W is a difference angle in the different ends of the shaft, ωM is the motor angular velocity, ωW is the wheel angular velocity, i is estimated adhesion, cMW and dMW is a stiffness and damming of the shaft between the motor and the wheel, JM and JW are moments of inertia of the motor and wheel respectively and rG is a gear ratio of the gearbox. 
B. Estimators
The model of mechanics is linear. However, the interaction in wheel-rail contact is nonlinear due to the adhesion. Typical dependences of an adhesion coefficient on the slip velocity are depicted in Fig. 3 . The shape of the characteristic changes with rails surface conditions that complicate the nonlinearity description. The factors that influence the characteristic are, e.g., in [12] . The dependence is nonlinear and can cause failure of some slip controllers. Therefore, the characteristic should be taken into account and using estimators for linear systems may not be appropriate although they are used.
If the nonlinearity is taken into account, the state equations change to form:
Where f and h are nonlinear functions.
Equations (5) and (6) do not contain the matrixes A and C. However, the matrixes have to be known for the EKF calculation. Therefore, the matrixes have to be calculated by calculating Jacobians during the EKF calculation. The known EKF algorithm is presented, e.g. in [13] in detail. The EKF calculates an approximation of the nonlinear function. Therefore, the EKF can diverge due to the linearization [14] . The algorithm of the UKF is more complicated than the algorithm of the EKF, but it does not calculate the approximation. The algorithm is described in [13] .
C. Program Structure
The program structure of a typical electric drive control algorithm is described in Fig. 4 . The program runs in the DSP that is intended for one wheelset. The main part is the electric drive control that is mostly a vector control nowadays. However, any other type of control can be used. The DSP also has to provide a measurement of analogue quantities and speed measurement. These measurements are made due to the vector control. The required torque and other command are received from the master computer. The slip controller is a part of the algorithm, but typically it is a separate algorithm that influences only the vector control input. The slip controller typically needs a motor or wheelset velocity and motor torque for its correct function. The slip controller that estimates the characteristic slope consists of the characteristic slope detection part that is created from the EKF or UKF and forms the controller detection part. The second part is a controller that can be any type. The principle of the detection part is output, and its processing by the controller part is described in [15] .
The main problem of sophisticated algorithms of the slip controllers is in the available calculation time. The control loop of the whole algorithm can be 400 μs, and the slip controller can take maximally 100 μs. This time is enough for simple slip control method, e.g. based on the disturbance observer, but for sophisticated algorithms, the time can be strongly limited, and it requires fast DSP. 
III. SIMULATION RESULTS AND IMPLEMENTATION
The reaction of the EKF and UKF to the high slip velocity is depicted in Fig. 5 . The measured wheel velocity and tractive force applied to the wheelset is depicted at the top of the figure. The high slip velocity is depicted in the figure. Because the data are measured, the response of the re-adhesion controller is depicted in the figure. The re-adhesion controller decreased the tractive force to eliminate the high value of the slip velocity. The re-adhesion controller is a part of the control structure of the locomotive, but its reaction is improper because the slip velocity value is too high. The calculated output of the EKF and UKF is depicted at the bottom part of the Fig. 5 . The values are almost the same as the part where the slip velocity has low value. The slight difference occurs when the high value of the slip velocity occur. However, the difference is not significant.
The comparison of calculation of the estimation part of the UKF by a Matlab and DSP are shown in Fig. 6 . There are shown wheelset velocity with high slip velocity value and tractive force as in Fig. 5 and the corresponding estimated relative adhesion force that is calculated by the UKF. There is no significant difference between the calculated signals by the Matlab and DSP.
The required time for the calculation of the EKF and UKF are given in Table 1 . The required times are for the proposed model. The UKF requires almost 2.5 times more calculation time than the EKF. This fact limits the possible usage of the UKF on the DSP with lower computational power. On the other hand, the UKF can provide more stable results than the EKF. The required time was measured after the EKF and UKF implementation to the DSP TMS300F28335 with machine cycle 6.67 ns. The required time is higher than the time calculated by multiplication of the number of operation by the machine cycle because some operations take more time. The separation into a required time with nonlinear function and with the nonlinear function is made because the nonlinear function can be any type. 
IV. CONCLUSIONS
The paper presents comparison and possibility of using the EKF and UKF as the estimator for the locomotive slip controller. The estimator is required for estimation of the adhesion force that cannot be measured during the train runs. The force can be estimated by the disturbance observers that are used because of their low computational requirements. However, the EKF or UKF are not used due to their high computational complexity. Both, EKF and UKF are compared in the paper, and their computational complexity is demonstrated on an example of the twomass model of one locomotive axle. The high computational complexity of the slip controller is problematic because the slip controller runs in the DSP that have to calculate the electric drive control and related parts. The slip controllers are often considered as a secondary control program. However, they are the important part that enables to transfer maximal force and keep the slip velocity at the acceptable value. The EKF and UKF take 38.3 μs and 95.3 μs respectively. The computational complexity of the UKF is significantly higher but the time is below 100 μs, and the slip controller based on the UKF can be used. The paper also presents the two-mass model that is used as the model for the estimator and program structure in the DSP. The two-mass model consists of the electric drive that is represented by electric motor and wheel with the gearbox. The DSP has to calculate the vector control, slip controller, provide the measurement of analogue and digital signals, generate signals for the inverter and communicate with other computers.
